SUBSTANTIAL EFFORT has been directed toward duplicating the natural aortic valve configuration as a model for the ideal valve substitute. Minimal flow resistance and turbulence are the principal theoretic advantages of the central orifice design. In practice, however, once the pathologic processes responsible for leaflet stiffening occur, these hemodynamic benefits are lost and function deteriorates. Hence, the question is raised whether the use of materials, which are initially "too stiff" for valve cusp construction, might likewise contribute to valve failure.
Increasing evidence supports the concept that the longevity of a leaflet-type heart valve substitute depends not only on the mechanical strength and biological and chemical characteristics of the materials employed but also on the design,' especially the mode of valve function in vivo. Hydrodynamic function of a model aortic valve has been investigated with a pulse-duplicator2 8 or an in vivo ultrasonic technique. 4 ' We believe that further progress toward a rational choice of an appropriate leaflet material requires documentation of the valve performance characteristics in the beating heart.
In this study, we used stented trileaflet valves fabricated of Gore-Tex laminate. Gore-Tex (or expanded polytetrafluoroethylene) is a new synthetic material that possesses high tensile properties. Its biocompatibility has been studied in arterial and venous grafts.6-' Additionally, Gore-Tex laminate allows use of materials with a wide range of thickness. We used porcine xenograft aortic valves for comparisons. The purpose of this paper is 1) to describe the initial function of these valves in the tricuspid position of dogs assessed by radiopaque markers and high-speed X-ray techniques; 2) to define the thickness of Gore-Tex laminate that is optimal for a flexible leaflet prosthesis; and 3) to discuss the implications of hemodynamics for adequate longterm function.
Material and Methods Gore-Tex laminate is manufactured by W. L. Gore and Associates. A single film of this polymer, 0.003-mm thick, consists of nodules and fibrils of polytetrafluoroethylene (PTFE) and has uniaxial tensile strength that parallels the fibril content. The tensile strength of a single film is 60,000
psi -approximately 20 times that of conventional PTFE. For use as valve leaflets, several films are laminated in diverse directions to comFpensate for the absence of the tensile strength in the cross-directional axis and to add strength. The Gore-Tex laminate is nonporous and transparent, unlike the Gore-Tex vascular prosthesis, which is microporous and snowy white. The number of laminated films used in each valve leaflet studied determines the thickness, strength, and stiffness. Six samples constructed from laminates of 4, 6, 8, 10, 12 , and 15 layers of Gore-Tex film were studied. These samples ranged from 0.008 to 0.031 mm in thickness as a result of compression during the lamination process. Individual cusps of all valves studied were "tagged" with a radiopaque marker. A lead bead (1-mm diameter, 20-mg weight) was wrapped with a piece of Gore-Tex laminate sheet and secured by suture to the center of the leaflet-free edge ( fig. 1) .
Eight mongrel dogs weighing from 18 to 22 kg were used. With the aid of extracorporeal circulation, the tricuspid valve was excised, and the prosthesis was placed in such a way that the position of each prosthetic cusp coincided as precisely as possible with the position of the excised leaflets of the tricuspid valve. The porcine xenograft was inserted so that the right cusp or its alternative occupied the area of the posterior leaflet of the tricuspid valve. To facilitate orientation of the valve in the heart when viewed on the fluoroscope, the posterior leaflet region was marked with a metallic bead. The prosthesis was anchored in position by using several interrupted stitches and a single running suture.
When cardiopulmonary bypass was discontinued, the peak systemic arterial pressures were 120 mm Hg or higher in all instances. None of the dogs required administration of inotropic agents, and each remained in a stable state during the subsequent X-ray studies. The chest was closed in a routine fashion, and 3 to 4 hours after bypass, the dog was moved to the catheterization laboratory.
While the dog was lying supine in a 300 head-down position, the marker's movement was recorded with high-speed No significant difference was noted between the standard model and the modified model. The characteristic pattern of movement of these valves at heart rates of 144 and 156 beats/min is shown in figure 3 . Both valves opened incompletely. Only one cusp showed a rapid movement and demonstrated full excursion during each cardiac cycle with regular rhythm. The well-functioning cusp was identified as the left coronary cusp in the standard model and as the original noncoronary cusp in the modified model. These cusps were placed in the region of the septal leaflet and anterior leaflet of the tricuspid valve, respectively. The other two cusps showed little or no movement. In the standard model valve, one of these two cusps opened slightly during some cardiac cycles. It began to open late in diastole, and its excursion was markedly restricted. The remaining cusp showed no visible movement from the closed position.
The simultaneous pressure tracings of the dog with the standard model porcine xenograft are shown in figure 4 . A slight increase in pressure gradient late in diastole was demonstrated, possibly explaining the delayed opening of this cusp. In the modified model bioprosthetic valve, only a single cusp functioned, and the role of the other two cusps in valve opening was virtually negligible. Despite remarkable dysfunction of the two cusps, the valve function was hemodynamically normal in both instances. The mean right atrial pressures were 5 and 10 cm of water, and end-diastolic pressure gradients were trivial. Values for right ventricular pressures remained within normal physiologic range.
Discussion
This study supports the concept that flexibility or elasticity is an important ingredient in the selection of an ap-propriate leaflet material. The principal factors determining the hydrodynamic movement of a flexible leaflet are hydraulic stress in place and stiffness of the leaflet. Theoretically, the bending stiffness of plates10 is proportional to the thickness to the third power.
Experimental evidence indicates that the flexibility or the elasticity of a leaflet is more important when pressures are low. Studies of the stress/strain characteristics by Mundth and co-workers"' demonstrated that the normal aortic leaflet has a marked elastic response to tension of less than 30 mm Hg and then becomes relatively inelastic at higher pressures. The pressure gradient, that is, the principal force causing the valve movement, is a variable determined by the interaction of stroke volume with effective valve orifice. The maximal atrioventricular pressure gradients during diastole are below 10 mm Hg in normal subjects.
Evidence shows that the sequential cusp movement is related to the magnitude of the hydraulic stress. Swales and associates3 studied the opening characteristics of fascia lata and Silastic trileaflet valves with a steady-state flow rig and found that three cusps of the valves opened in sequence at a low-flow state and required higher flow rates for complete valve opening. Recently, Horowitz and colleagues4 confirmed that both homograft and heterograft aortic valves showed a consistent pattern of sequential cusp movement at a low-pulsed flow in a test chamber.
The present in vivo study demonstrates that the same cusp of a particular valve opens first during every cardiac cycle. No correlation is found between the first cusp to open and its site in the tricuspid anulus. Inconsistency of the order of leaflet excursion in diastole and in systole suggests that the fluid mechanism of valve opening is different than the fluid mechanism of valve closing. In valve opening, there probably is a significant difference in difficulty or ease of initiating motion among the cusps mounted on a common stent; this may reflect the inequalities of size and shape in each cusp, as suggested by Horowitz and his group.3 '4 Unknown factors seem to influence the valve closure mechanism in the atrioventricular area.
The relative difficulty of any cusp in responding promptly to a small hydraulic stress is a possible explanation for sequential cusp opening. This difficulty is magnified by the central flow characteristics. When one cusp opens early in diastole, the pressure differentials across the valve abruptly decrease. As a consequence, the other one or two cusps, which are functionally stiffer, remain closed or opened partially until the pressure difference is increased to a significant level. If the leaflet is "too stiff" or if the hydraulic stress is "too small," the leaflet will not open fully.
The failure of a particular cusp or cusps to open fully also may be due to tachycardia. If opening of any cusp is delayed, full opening may be prevented by the high heart rate. The inability of two cusps of the porcine xenograft to open fully at heart rates of more than 140 beats/min demonstrated in this study is compatible with the clinical experience. Johnson and associates12 reported that atrial or ventricular endocardial pacing at a heart rate of 134 to 150 beats/min in six patients undergoing mitral valve replacement with a bioprosthetic heterograft valve resulted in an average increase of the mean gradient of 6 mm Hg, with the mean gradient ranging from 7 to 17 mm Hg at the rapidly Although the limited mobility of one or two cusps may not cause hemodynamic valvular dysfunction, ample evidence indicates that abnormal leaflet behavior enhances structural and functional deterioration. In vitro studies of Bellhouse's group2 demonstrated that the normal aortic valve begins to close during forward flow and requires a small amount of reversed flow for complete closure. If a valve is prevented from opening fully, this control mechanism is lost and the valve receives an impulsive loading on closure. Also, obstruction to the blood flow due to incomplete opening elevates the blood pressure and semiopened leaflets will inevitably encounter a concentrated stress. Moreover, it was experimentally demonstrated13 that the stenosed valve produces considerable turbulence. Deleterious effects of turbulence eddy are known to be 1) a higher shear stress, which accelerates fatigue of a leaflet and breakdown of blood cells, and 2) blood stagnation, which may follow, causing thrombus formation.
Platelet aggregation and fibrin deposition on foreign surfaces with subsequent fibrosis are the major etiologic factors of prosthetic cusp stiffening.'4 Therefore, aside from ideal surface properties of the materials employed, essential for a device intended to be thrombus-free is a design that precludes blood stagnation. As an approach to this goal, we propose that the material in a leaflet prosthesis must with several locale factors. These Hausa-Fulani women eat large quantities of a local lake salt, kanwa, for 40 days postpartum. The syndrome is markedly more common in the hot rainy season, when evaporative water loss is less, than in the dry season. The first postpartum days are spent confined to bed in a small heated room. Once or twice daily the new mother is given hot baths with branches which have been dipped in boiling water.
The combination of excessive sodium intake and diminished evaporative water excretion seems to precipitate failure in both normotensive and hypertensive patients.
Patients
To avoid confusion, patients 1) with infections requiring antibiotics, 2) with hemoglobins below 6 g per 100 ml, 3) with murmurs which have persisted and are presumed organic, and 4) 
